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Photolytic Behavior of Silver lodide’
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Silver jodide s

el te high intensity radiation in the visible light
found to yield a powder X-ray Jifractiol pattarn showlng markaed devialione

eCECIIn WhS
o idaality.

It was found poseibls to correlate these with a decresse in primery extinetion, indicating e

oonstant progress from an ideal to a mossin ty
proooynged psterinm in traosminsion Lags p

crystallinity. Lar
sopraphe undar ]

single cryetala showed
r ﬂgpﬂfirgmnt.al cohdi-

tions. Small amounts of eolleldal silver were detected. A mechanizm for thiz process in

sitver indide is
The

opnsed, in general sgreement with the theory of the photographic progess,
primery dﬁerence From tha other silvar halides appeats to ba a coneiderably slowar

rate, permitting the obaervation of & two step process in deteil.

1. Introduction

No detailed investigation of the mechanism of the
changes induced in silver iodide by exposure to
light 1 the visibla region appesrs to have besn made

reviously, In the course of this work, the photo-
i behavior of silver iodide has heen found to
iffer considerably from that of the other silver
halides. In S:naml, PDB’N‘}'E(‘.&]HRB specimons  of
both silver chloride and silver bromide darken
rapidly under these conditions, due to the formation
of free silvar, Powder X-ray diffraction patierns
clearly show a decrease of thea patiern for the halida,
accompaniad hy a correaponding increase of that for
silver, with incressing length of exposure to a
constant intensity light source, The behavior of
eilver iodide under similar conditions and an analysis
of the resulis obtained conetitute the results reported
in this paper.

2. Experimental Procedure

Single erystals of ailver indide were exposed to the
light of an src lamp for 1 week, Initially trans-
perent, they slowly hecame opaque. Microscopic
examination showed that the nifially smooth sor-
faces mﬁ“d“ﬂ'uy roughened and resembied a poly-
cryatalline aggregate. This alteratico gmdua]{r
progresesd into the interior of the crystals.  Certain
gensitizers and haelopen acceptors, sach as sulfur
dioxide and n-butyl alcehol, were found to accelerate
this proeess.

Becaues the action of light oo silver iodide ap-
pesred to be primarily a surface phanomenon most
eubsequent work was done with powder specimens.

The powder was packed into a rectan cavity
and the surface smoothed, The mount was placed
in & closed eonteiner and irradiated with s ber

BLTPE rem‘rgt: was aompried by the Mationsl Ackoce Foondstion under
mmt Mo,
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filament microscope lamp thro g 5 mil Ii:.')llyester
sheet, An atmosphere of n-butyl slevhol was
mainfained at its vapor pressure. This was choaen
becanse it accelerated the reaction only to such an
extent ms not to hide ite essentizl detmils. The
samﬁle was irradiated for & fixed length of time and
an Heray difiractometer psttern obteined immedi-
ately. An angular ranges sufficient to cover the first
nine lines of the diffraction patécrn for the hexagonel
hase was traversed each time. For the capper
-radiation used this incleded the range from 20 to
50 in 28, whera # i3 the Brage anpla., A scanning
rate of 0.5° per minute of the angle 20 was nsed for
meximun: resclution, Approximately monochro-
miati¢ radiation was obtsined by use of u niskel foil
filtar. Cumulative exposure times to light of 200
hr were reached in this menner.
In & related experiment a largs hexaponal single
tal, of approxdmetely 5 mm dmam and 3} mm
thickness, prepared by slow evaporstion of a 50
percant agqueons solution of hydriodic aeid seturated
with silver jodide, was exposed to light in the seine
manner, Laye iransmigsion X-rey diffraction dis-
4InB Were talen at timed intery. Molvbdenum
~rediation wis used to minimize absorption effects.

3. Reaults

The powder X-ray diffraction patterns for silver
indide showed large changes in the intensitios of
certain lines, related to the length of axposure to
light. The relative intensities of certein lines as a
function of cumulative exposure time are shown in
Ehgm i. The most striking fenturs of thie graph is
the fact that there wos & rapid and immediate io-
crease for the {100}, {101}, (162}, and (103) reflac-
tions, while other reflection intensitiee remained
constant. After & period of time, varying with the
light intensity and spectral charactensiics of the
gonrea, these peflections reached a plateau. After
this induction periad tha {002) reflection mtensitg'
then began to increase while the others leveled off,
There was no decreasge in intensity for any reflection.
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Secondly, the number and angular positions of the
X.ray powder diffraction lines were found to remain
egpentially invariant during the entira procedure.
No ayatematic shift was detectable.

Thirdly, the powder diffraction patterns of light-
irradiated silver iodide were re-examined for the
presence of metallic silver. The (110) reflection of
silver hus the larpest intensity aod sppewrs ut a 20
ungle of 38.11° On the diffrection pattorns of
gilver iodide samples irradiated for 50 hr a very
small wod broad pesk was locsted atb this porition.
The peak incrensed slightly in height with successive
exposures to licht. 7This claarly eatablished tha prea-
ence of fnely divided silver in amounts large enoagh
to be detected by the X-ray method after exposure
times longer than 50 hr.

4, Intensity Changes

The problems to be aslved included finding an
explanation for the anomalous intensity changes
ohserved and correlating this with the theory of the
photographic process.

The effect of varying the pogitional parameters of
tlie atems on the magnitude of the intensities was
investigated Grat. Silver iodide can exist in both &
cubic zinchlende and a hexaponel wurtzite form at
room temperature. No distortion of the structure
for the cubie zinchlende-type phase iz possible
without destroying the symmetry.  In the hexagonal
wurtzite-typa structure the  and ¥ parameters of
both atoms are fized and only the 2 parameters can
vary. In addition, the origin may choszen arbi-
trarily and can be placed et the iodine position for
convenience. The only variahle possible for an
atomic =hift iz then the z paraneter of the silver
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Ficure 2. Celewldfed tafentilics for decertd refieclions of

herpgonal rilver indide, az @ function of the varigble z/c pori-
tonal paranteter for the silver ofom.

aton.. The variation of the amplitude of the
gtructore factors for the observed diffraction lines
wag caleulated over 3 fairly large range of velues for
the silver z parameter. The result ia shown in
graphical forin in ﬁﬁﬂm 2. It iz obvious that ne
atomic shift is peasible which will increase all intan-
gities simultaneously.

Another possibility which had io be considered
waa tha existence of stacking faulta. This refors to
random deviations of layere from the required
progression for either the hexagonul or face-centered
cubie latiice which are ABAB . . . and ABCABC
. . ., respectively. Deviations may be introduced
by either prowth or deformalion fanlting,

The axperimental detsils for this bebavior bave
heen reported in the closely analogous case of cobalt
metal [1]F The peneral theory for miastakes in
layer siructures was published st the same time by
Wilson [2, 3], The diffraction pattern for s layer
type structure with atacking fauits has sharp

raction lines when (A-%)/d has integer valies
{where & and % are Miller indiees); in all other cases
the lines sre broadened. This behavior was not
obaerved for silver lodide.

The lines with integer values of (A—43/3, indexed
in the hexagonsl syetem, are, however, the only ones
which oceur also for the zincblende-type cubic
polyiworph. These were the only diffraction Lnes
whogze intensity did not change during the initial

hage of the illuminetion. The implieations of thia
ehavier will be congidered later.

An explubation in terms of & defect strueturs
appears equally unlikely since the line widths and
ineoherent background scattering did not change
matkedly. Anne&]an of & defect struetore doee in-
creaze the peak heiphts of the diffraction disgram,
but the area under the pesk profiles remeins constant.

I Flgures in brackeis inlleate tea Jitomitume refeceuned it the 2B of g9 Framer.
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Sinee the line width varfations observed in this
experiment were within the exporimental error, none
of the pesk height changes can be attributed to
this rause,

HRadical intensity differences for lines in an X-ray
powder diffraction die may also be due to
preferred orientation of the crystallites. For laver
structure especially one, or eeveral, sets of planes
may have more than o proportional shars ofp thase
crystullites in reflecting postiton. In this ease cor-
tain diffractien pesks, originating from sets of planes
having a larger than stabistical number in reflacting
position are enbanced, and the intensity frem mest
other sets of planes s decreased. This was not
obeerved for silver iodide.

A cloaely related effect concernz a change of rela-
tive intensitics caused by crystal growth or agerega-
tion on a submicroscopic scale in certain preferrad
directions, Since two distinct sl.a.%? in the change
were obaorved, during each of which certain diffrac-
tion lines inereased in height whils nons diminished
it seens unreasonuble to suppose thet under these
circutnatances a change in preferred otientation or

tal habit ocourred.

The enly major remaining cause for large intensity
changes was the possibility of extinction mm the initial
samples. This refers to the attenuation of the
diffracted beam by regiona of perfection within tha
crystallite, Since there appeared to be a =surface
freproentation of the I single crystals by light
it was easy to axtend this 1dea to the amall erysiallites
m the powder. This fragmentation eould be ex-
pected to reduee the cohersntly scattering block siza
and conseguently to decrenss the axtinction. Tha
details of this mechanism will be discussed in the
following eection.

A generally used method of reducing tha Ferfactian
of 4 erystal depends on the use of thermal shock to
introduce mosaie-type disorder.  The powder sample
of zilver iodida waps immersed in liguid oiteogen
repeatedly and X-ray diffraction patterns wera
obtained. The intensitiee of the diffraction lines
changed in proportionately the same amounte to the
first plateau stage os for the samples irradiated by
light, as shown in fizure 3. This constitutad ancther
indication that the observed intensity changes were
due to n decrease n extinction and led to the more
detailad atudy describad belaw,

5. Extinction

Darwin [4] in 1922 derived an approximation by
which allowance can be made for tﬁe Primary ex-
tinctlon in roflections from erystals whose unitas are
larger than ideally mesaic. The ratio of the dif-
frected intensity with extinetion io that without
extinction is given by

41 _tan b (eg)
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Frouns 3. Powder Xoray diffreciion proffes for silver fodide.

Trdbinl,
F.J] 4 min immerlom 12 H?uid nltrogon,
£1 1 min immeesoen (v Hguld nitmen,

where

g=number of reflecting plunesin perfect eequence,
g=amplitnde reflected from a_single plane of
atmns,
N=Avopadro's number,
f=interplanar spacing,

2
%ucl&ssical radius of alectron=2.81% % 10~ % ¢m,

= polarization factor,
=sgtrurture fuctor,
to=thickness peuetrated,
Yo, ¥+=direction cosines with the normal to the plata
for the incident and diffracted rays.

The factor 4%/3 has an approximate numerical value
of 1/2. The term enclosed by the braces is the ex-
tinction coeffieient and will hereafter be designated
¢. This axpression is essentislly wavelength inde-
pendent for any one refloetion. Darwin based his
original expression on the nssumptions of & plate of
ini%nit.e lateral extent with the reflecting planes
parallel to the surface.

Neither of Darwin's assumptions actually holds for
s polyerystallioe sample. Fer this the scatterin
regions are of approximately equal dimensions an
the planes are at arbitrary englez to tho surface.

In 1851 Ekstein derived an independent extination
formula on the basis of small spherical perfect
cevetallites [5]. Tt was originally derived for neutron
diffraction and involves peak rather than integrated
intensities.  For electromagnatic radiation it has the

form
fo_ [T ﬂ_’)‘ sl
7 =1 {lﬁ(mci NEFAEE
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Thiz formuls hss a second order wave length
dependenee as shown here. Thus it should be
possible experimentslly to confirm the spplicability
of one or the other formula.

Bince at least a sybstantial part of the ghserved
intensity opomaly for unirradiated silver ledide
powder could ba aseribed to the prlma?' extinction
effect, the wavelengih dependence could be investi-
gated. For this purpose manganese filtered irem,
nickel filtered copper, and zirconium filterad molyh-
denum X-radialiong were uwsed in thres esparate
series of experiments. The wavelengths of these
are 1.9360 A, 1.5405 A, and 0.7003 A, respectively.

The resultsz obtained for the {1003, {101}, {1023,
snd (103} reflections are ghown in table 1. The pank

TARLE 1. Obacreed values af exiinefion coeffiziont for sileer
todide
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intensities were used here. Becawse of tha uniformity
of the line width thiz iz directly proportionsl to the
integratad area under each curve. A polarization
correction, desicnated ae gw, was applied. f;
reprezent=z the intensity with an extinetion effact
and fe.. the intensity without this effect: tha ratio
of Fiu/pfy. Temaing approximately eonstant for
ail threa wavelengths used. Thua the experimental
dats indicete approximately a zero order wave-
length dependenca, in sgresmeni with the Darwin
formula.

Mast of the crystallites grow in the form of either
plates or truncated hexagonal pyramids. The dom-
inant face is thue the basal plane. The reference
verctor for the direction cozines was taken asz the
nermel to thiz plane, Using the Darwin formuls
the relative extinction coefficients were calenlated
for the {10{} reflections for eack of the three wave
longths vsed, Values for the structure factor, F,
ware obitalned from single crystal precession photo-
grapha. The resuliz are shown in table 2. Sinee
only relntive values of the F* term= were used
thesa were not directly comparsble to the observ
values. In the aheence of any other criteria the
(102} reflection was used us a comparison stendard
in each cese. The significance of the agreement is
thua primarily in the valus of ¢ chtained for the other
reflections. The agreement between the observed
and celenlated valuas is quite good and can be takan
8a final confirmation that the initial increases in
intenaity are due lo a decrease in primery extinction.

TaBLE 2. Colouloted values of exlinction coefficionte for aileer

icdfele
M L1 L Fhyl | x| Al Al
| 1 T— 1Kk 14 7 i 16, B 1.2 0. 38
1 18, A i, 13,k 1.8 JIE
i .76 =5 T 500 B
105 .18 iy 4,49 8 .
L1 TR 1D 1.1 71 15 BE 1LH ]
1K e Aar jio:) ma 10 L]
L 14. 38 i) V.45 513 -]
103 31, 32z 1My 4 43 2,0 .
. T —— hLi ) E.11 1 15 BF 100 -]
1K 5 B jio:) 125 L# )
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Tsing tha Darwin formula for the extinction eor-
rection, an &]i'pmximata value of I?, the extent of the
originally coherent acattering blocks has been eal-
cuﬁtr;d. For the silver iodide samples thia was io
the vicinity of 10~ em. This is larger than for moat
eryetals by about a factor of ten. It can hs comparad
to an estimated average penetration of about 2 10~*
by X-rays into the powder slab, calculated from the
published lingar absorption coeflicients for tha silver
and iodine atoms.  Silver iodide thus presents a very

unusual cese, where linear sbsorption limits the

peneteation to the order of the perfect region.

The major deviation from the extinetion behavior
is shown by those reflections which can be indexed om
the baeis of both the nnl wurtzite-type and the
face-centered cubic zincblende-type structures.  For
hexaponal indexing thesa are the (002} and (11
reflections.  Neither of these two reflectione changes
ap(gruciab]y during the early st of thiz process
indicating thet the coherenca of blocka contnbuting
to these remains unchanwed. Both struetures con-
sist of expandad close- leyera of iodine atoms,
with silver atoms between them. Onoly the stacking
sequenees of the layers differs for these twro structures.
Thus changes in the stacking saquenca or displace-
ment of sliver atoms to interstitial zites would leave
the inteneity from these reflections invarisnt, sl-
though the interplanar spacing might not remain
constant.

The zecond stage, indicated by an incronse in the
intensity of the (002) reflection, did not begin until
the ipitisl atage was substantially completed. No
marked change was ohserved for the (110} reflection,
probably because extinction effecte are limited to
refiections with largo intensity and low Bragg angles.

The explanation for this behavior on the basi= of
the powder diffraction deta was difficult. For this
reason the effeet of irradiation by light on large sin%e
crystals was further inveatigated. Laua photographs
ol = silver indide crystal showed unsmbiguous 3’ ak
the second snomalons intensity change was due to
fraginentation. This work will be described in the
Tollowing section.

6. Single Crystal Laue Photographs

Sitce the conclusions reached from the axtinetion
theory were largely inferentiel, an effort was made

4
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to obtain further evidence by other techniques.
Tranzmizsion Laue X-ray diffraction mj)hutographs
wera obtained from a large single crystal after vary-
ing coraulative periods of exposure to the micrezenpe
lamp. The various stages of the observed changes
in the single crystal patterns are shown in figure
da—e. These were recorded st comulative exposure
times to light-of 0,20,30, 70, and 100 hr, respectively.

The first picture of this series shows the patiern
obtainad before any wradiation with light. The
diffraction naxima are irregular. This 13 charae-
teristic of the type pattern ohtsined from a aingle
perfect crystal. The next two pletures wers made
after 20 and 30 hr exposura time, respectively.
These show a pronounced asterism, or radial atreak-
ing of diffraction spots, increasing with time. This
<can be readily explained only on the basis of a vari-
ahility in the ¢z axisl ratie, such ss would he
expected to oeour ih internally strained crystals [6],
or’[tgﬂ' s one-dimensicnal distortion of the lattice.

a next picture was made alier a 7) hr exposure.
The radial asterismn has completaly disa ed at
this point and the diffraction spots are all approsd-
mately cirenlar. Thiz type of pattern ig charac-
teristic of an ideally mosaic crystal. The last
picture showa the pattern after a 10¢ hr cumulative
exposure time. This shows an elongation of the
apots in & fangential direction, as well a8 a number
of waak spots not previouely observed. This is
indieative of a fragmentation of the erystal into
small erpatallites, but with, apﬂl;rximate ratention of
spatial orientation. As & limit, the tengcential
ongation into a complete circla would be ob-
tained for n collection of crystallitea with random
orgntation,

The /s ratio for the ideal wortzite lattice is 1.633.
The (121} Lane reflection was indexad and the spread
of ¢fe ratios caleulated. The details are given in
figure 5. The maximum ¢fs ratio waa 1.69 and the
minimum was 152 just before an ideslly mosaic
crystal formed. This is almost certainly associated
with the progressive decrease in the size of the co-
herently acattering blocks thet occurred during the
first stapge of the change in the powder patterns.

[121) Lour Refllectlon
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Fraure 5. Coleyloted cfa grial ralios for the (2N Faue
réflection 3 a funcdion of the meaaured diumeler.

7. Radiation Damage

The introduction of inereaged disorder in the strue-
ture 15.' light is to some extent comparsble to the
genersl field of radiation damage. In the latter case
very energatic particles or radiation give rise to
localized defacta. The atoms ara displaced by col-
ligion, with a certain amount of the energy of the
impitlﬁing srticle transferred to_an atom in the
crystal, is can lead to secondary displacement

adjacent atoms. In peneral, fast neutrons are
mbTuM to effeet atornic displacements. Cunsider-
ably more snergy is raquired for this than is neces-
sary fo csuse the mipration of & silver stom to an
interatitisl mite in silver indide.

Two samples of silver lodide powder wers axposed
separately to differant high enerpy radiation in crder
to determine the effect on the lattice. One was
piven a total dose of 1 toenigen hﬁg’ 250 kv X-rays,
and the other 10 roenigens by Co™ yradiation. In
neither case was there Em% chanﬁe in the powdsr
K—rﬂ,d)' diffration pattern. This indicates that silver
1odida is sither not subject to visible damage by
considerable doses of radiation from sources of this
kind, or that the effect i= random to such an extent
that it does mnot appreciebly affect the coherent
scatberimg,

Even after extended periods of exposuee to X-raye
in the 50 kv range no visible darkening was observed.
A preliminsry quench in liguid nitrogen to reduce
the perfection of the erystallites and sebsequent ax-
poatire to X-tays of the same type produced salight
darkening after times of leaa than 4 hr. This sug-

ta that the silver iodide lattice is sensitized to ion-
izing radiation by the introduection of some dizordet.

8. Mechaniam

A qualitative explanation can now be given for
tﬂe oh servec} I:ioelm,}*ior of sglverhindide in terms of
the theory of the photographic latent image.

The la{ent imapgu ;ggl-;eﬂemd Lo oﬂn;isgf of sub-
microacopic specks of silver in some of the grains.
Experimentally, it has been determuined that the
development of the latent image alweyz begins at

ain boundaries, slip planes, or impurity centers [7).

be introduction of strain inte the lattice produces
many more nucleation centers than exisk in the
equilibrium struciure. .

The first satislectory theory of the latent image
was proposed by Gurney and Mott in 1838 [8].
There iz evidence that the primary sbsorption in
the AgX erystal occurs as

X +hr—=X'He.

Light sheorption in the ultraviolat region is roguired
to excite an electron from an X~ ion in an ordinacy
lattice position, The abeorption at longer wave-
lengths 12 probably due to X~ ions at dislocations or
other disturbed positions in the strusture.

Sinee Agl is a samiconductor the quantum mechan-
ical coneepts of the band theory can be used. The
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electron iz ruised from a wvalence to 2 conduction
band where it can move freely. Hence the Apl
becomes  photocondueting. The mobile electrorn
moves through the erystal until it becomes trapped
by a pre-exizting silver nuelenz or in a low-lying
level of & sepsitizer. Thus & center of nogative
charge is produced, attracting Aet atoms which can
mave through the erystal vie intersiilial positions,
When a Ag™' ion reaches the negative center it is
neutralized

Agtta—Agt,

The silver nucleus is thus pnlarged and continues
to grow by the sama mechanism.

The neutral X atorm eventually reaches the surfaee
by a4 process of electron transfer

Xm-p KOs KO- X,

The X atom iz s center ¢f missing negative charga
and i3 called & positive hola. Tha theory rt;ciluired
that these positive heles not recombine with the
electrons.

In 1853 Hedges and Mitchell modified this theo
slightly on the basis of extensive experiments (9]
They proposed that the function of the sansitizer is
to Lrap itive hnlesﬂreventing their recombina-
tion with electrons. a electrons would then he
trapped at erystsl imperfections, ond the silver
particles grow there to form the latent irage.

Silver iodide undergoes a photolytic reaction sim-
ilar to the other silver halides, but at & considerably
glower rate. This i3 in agreement with some very
recant work by Jumes and Vanselow [10, 11] on
the kineties of the development of silver iodida
emulsions, Neutral eilver atoma are formed by com-
bination of electrons and silver ions. The rate of
diffusion of these silver ions through the lattics is rela-
tively much more rapid than that of iodine atoms.
The migration path 1 by way of interatitial posi-
tions. a chanpe in size and bonding of the silver
atoms is sufficient to lead to a lattica distortion.
The neatral silver atoms tend to move toward exist-
ing defect sites, There thei may be effectively
trapped and immobilized. The existence of agere-

tes of these silver atoma at grain boundaries has
E:en shown by Mitchell [12-14] for silver ehloride.
A similar movement of silver atoms in the silver
iodide structure i very probable. The high mobil-
ity of the silver with respect to the jodine atorms in
silver iodide is well substantiated. The collection of
a number of the silver atmns at one dislocaiion site
may be spfficient to causze local plagtic deformation.
A large number of these smell lattice misorientations
would be sufficient. to explain all the reported obser-
vatns.

The elastic deformation Limits of an ideal crystal
ere penarally exceeded when the latlice clhange iz
grester then about & percent. At this point the
small number of miscriented blocks can exert a
strain sufficient to fragment the tal into an
eqpentially ideal mosaic structure. This s im
rapresented by the first plateau stage of the X-ray
powder diffraction patterns.

Further exposure to light continues the process of
misorientation of adjacent blocks due to the strains
produced by further silver precipitation. This can
continua until & collection of eryetallites with sub-
stantial gricntation differences is formed., The la
type strueture appsars t¢ be penerally preserved ot
this stage, leading to an enhancement of those
reflections for which E—E=3N. Simultaneously,
there may ocour an annealing of growth faylis in tga
face-centered cubic lattice. The total effect is to
maintain the remaining reflections eszentinlly con-
stunt while the (002} and (103) reflections increase
in intensity. This atage ia represented by the latter

rtion of the powder diffraction pattern and the

al Lane photograph. Lo

The obaerved behavior of silver lodide thus
appesrs to be analopous to that of the other silver
halides ingofar us the photelytic mechanisin is con-
cerned,  The fundamental difference lies in the rate
at which the reactions oceur. The considerably
glower rate for silver iodide has permitted a more
detailed mechanism te¢ be observed for this com-
pound which is in good agreement with the previously
proposed theories of the photopraphic process.
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